A two-color photon echo peak shift measurement to probe the electronic coupling strength in molecular complexes is proposed. Exciton transfer between the electronic eigenstates is neglected and the baths associated with each monomer are assumed to be independent of each other. Within this simplified model, we derive a useful relation which can be used to estimate the electronic coupling strength via a combination of a normal one-color and the present two-color peak shift measurements. A simulation based on the cumulant expansion technique illustrates the validity of our suggestion.
I. INTRODUCTION
Ultrafast spectroscopy is being applied to increasingly complex systems in which interchromophore interactions play an important role. Examples are molecular J aggregates, 1-5 strongly coupled donor-acceptor electron transfer supermolecules, [6] [7] [8] and the chlorophyll-protein complexes responsible for the primary photosynthetic processes of light harvesting and charge separation. [9] [10] [11] [12] [13] [14] In parallel with these studies photon echo spectroscopy, in particular, has been developed to a sophisticated level for the study of chromophore-bath interactions in dilute samples, where the electronic transition can be modeled as a two-level system interacting with a complex set of intra-and intermolecular nuclear motions. [15] [16] [17] [18] [19] [20] [21] [22] In particular we and others [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] have made extensive use of the three-pulse photon echo peak shift ͑3PEPS͒ method to characterize solvent-solution interactions in liquids, [23] [24] [25] [26] [27] [28] [29] glasses, 30, 31 and proteins. [32] [33] [34] [35] In this experiment three pulses with wave vectors k 1 , k 2 , and k 3 are incident on the sample and the two phase matched echo signals at Ϫk 1 ϩk 2 ϩk 3 and k 1 Ϫk 2 ϩk 3 are reordered as a function of the first delay for fixed values of the second delay T. The shift of the integrated echo maximum from ϭ0 ͑the peak shift͒ is evaluated as a function of T, the population period, and can be related directly to the transition frequency correlation function M (t). 25 During the period T the system propagates in a population ͑i.e., diagonal density matrix͒ and thus the experiment has an intrinsically high dynamic range over which the transition frequency fluctuation may be followed. A second notable feature of this experiment ͑for dilute two-level systems coupled to a bath͒ is that the presence of a finite long-time peak shift is direct evidence for the presence of static ͑on the experimental timescale͒ inhomogeneity in the system. 25 Finally we note that the experiment has very high ͑subpulsewidth͒ intrinsic time resolution. It thus seems appropriate to extend such studies to more complex systems in which electronic coupling between chromophores will play a key role in determining the behavior.
Photon echo experiments have been carried out on systems such as the purple bacterial light harvesting complexes ͑LH1 and LH2͒ 33, 34 and on the bacterial reaction center. 35 To date these studies have been analyzed with a simple model based on very weak couplings between pairs of donor tracer and acceptor molecules. 32 Mukamel and co-workers, in an impressive series of papers, have developed a formalism for describing the ultrafast nonlinear spectroscopy of molecular aggregates. 36, 37 In this paper we apply some of the techniques developed in Refs. 36 and 37 to explore the information content of an extension of the 3PEPS method 25 -the two-color 3PEPS method-to electronically coupled molecular heterodimers. In a beautiful experiment carried out 15 years ago, Wiersma and co-workers used two-color picosecond stimulated photon echoes to elucidate the pathways of vibrational relaxation in pentacene/naphthalene molecular crystals. 38 To the best of our knowledge two-color 3PEPS experiments on electronically coupled systems have not yet been reported.
Supposing that the absorption spectrum of the complex contains two discrete bands, two types of two-color 3PEPS experiments are possible: the first two interactions (k 1 and k 2 ͒ can be resonant with either the upper or lower transition and the final pulse (k 3 ) resonant with the lower or upper transition. As we will show, the two-color experiments can be used, in combination with the two obvious one-color 3PEPS experiments, to directly reveal the degree of electronic mixing in the system. In this paper we derive experiments for one-and two-color 3PEPS experiments and illustrate the results by means of numerical examples. where B i (B i ϩ ) are exciton annihilation ͑creation͒ operators associated with the chromophore I, which satisfy the communtation relations ͓B i ,B j ϩ ͔ϭ␦ i j (1Ϫ2B i ϩ B i ). H i (q) and J(q) are chromophore i's exciton energy and the excitonexciton coupling energy due to the electronic interaction between both chromophores, respectively. H i (q) and J(q) are coupled to collective nuclear coordinate q. The electronic coupling term J(q) allows for exciton transfer between two chromophores but the present model Hamiltonian conserves the number of excitations. H bath (q) is the bath Hamiltonian. With a long history, the dimer Hamiltonian in Eq. ͑1͒ has been widely used to investigate the energy transfer dynamics between two molecules. 39 If we assume that the bath is harmonic and that the coupling is linear in the nuclear coordinate q, H can be rewritten as
II. MODEL HAMILTONIAN
where q i j describes the nuclear-coordinate dependence of the system Hamiltonian via the relation
The q-independent exciton Hamiltonian H e is defined by
where ⑀ A eq (⑀ B eq ) and J are the exciton energy of A(B) chromophore and their coupling energy at the equilibrium nuclear coordinate of the ground electronic state.
The eigenstates diagonalizing H e are obtained for the one-exciton states as
and for the two-exciton state as
where ͉0͘ denotes the ground electronic state of the system and tan 2ϵ 2J ⑀ A eq Ϫ⑀ B eq , 0ϽϽ/2. ͑7͒
In this eigenstate representation, the Hamiltonian given in Eq. ͑2͒ is rewritten as
where
with the eigenvalue ⑀ ␣ eq of the state ␣. The Hamiltonian H 0 describes the dynamics of the nuclear wave function in an electronically stationary state of the system and H 1 allows the electronic transition between the two one-exciton states and . Any other electronic relaxation is prohibited by Eq. ͑8͒ because the present material Hamiltonian is modeled to conserve the exciton. In the present work, in order to derive an analytic formula useful in experimental analysis, H 1 is neglected and electronic transitions only arise from the interaction with the radiation field. A brief comment for this approximation will be given in Sec. IV.
The polarization operator describing the interaction of the material with an external electric field is represented by
where the transition moments of the eigenstates are given in terms of the site transition moments d A and d B by
This polarization operator allows the transition between the ground and one-exciton states and that between the oneexciton and two-exciton states. However, the transition between the ground and two-exciton states is not allowed by P because the exciton states are made from two electronic states in each chromophore.
III. FOUR-WAVE MIXING SPECTROSCOPY
We consider the nonlinear optical response of the dimer specified above. The chromophores interact with a classical external electric field where the radiation-matter interaction Hamiltonian is assumed to be HЈ͑t ͒ϭϪPE͑t͒. ͑15͒
In four-wave mixing spectroscopy, the external field E(t) is generally given as
where E j (t), j , and k j denote the time profile, mean frequency, and wave vector of the jth incident field, respectively, and c.c. denotes the complex conjugate. The first, sec-ond, and third fields, E 1 , E 2 , and E 3 , peak at times Ϫ ϪT, ϪT, and 0, respectively. and T are the relative delays of the fields. By using conventional time-dependent perturbation theory, the third-order nonlinear polarization is related to the third-order response function R (3) via the relation
and the measured nonlinear signal is proportional to the square of the amplitude of the induced polarization,
The wave vector and the frequency of the signal field can be any combination of those of the incoming fields; in the present work, we consider the phase matching direction k s ϭk 3 ϩk 2 Ϫk 1 and the frequency s ϭ 3 ϩ 2 Ϫ 1 .
When H 1 ϭ0, in the eigenstate representation, the response function is represented as the sum of 16 terms: 
͑22͒
Here, ͗¯͘ indicates the trace over the nuclear degrees of freedom. We set បϭ1 for convenience. H n is the nuclear Hamiltonian operator in the electronic state nϭg,,, . F 2 ␣␤ describes the pathways via the two-exciton state. By using straightforward generalizations of the cumulant expansion procedure in Ref. 40 , Chernyak et al. 36 obtained the F functions in terms of the renormalized line broadening functions:
where q ␣ (t) is the Heisenberg representation of the time evolution of the nuclear coordinate q ␣ determined by the As for the dynamic part, for simplicity we assume that the dynamics of the baths associated with the chromophores A and B are uncorrelated with each other and all baths follow the same dynamics. This assumption enables a simplification of the dynamic part of the renormalized line-broadening
, where g(t) is the dynamic part of the normal line-broadening function of an isolated chromophore. The renormalized coefficients (Cs) reflect the mixing degrees of the electronic eigenstates composed of the excited states of two chromophores via the relations:
C ϭC ϭC ϭC ϭ1, C ϭ2.
Thus C provides the key quantity describing the strength of the interaction between chromophores A and B.
A. Three-pulse photon echo in the impulsive limit
We begin by considering the standard implementation of three-pulse photon echo spectroscopy on a dimer system. Here all the frequencies of the incident fields coincide with the resonant frequency of a one-exciton state ␣ϭ or . We assume that the interacting field can be approximated as a physical delta function E i (t)ϭE i ␦(t).
If the one-exciton energies are sufficiently well separated that selective excitation by the laser is possible, the rotating wave approximation can be introduced. In this case, the third-order polarization P one (3) as a response of the system to the three impulsive one-color fields is given by the sum of two response functions:
The two-color three-pulse photon echo measurement on a dimer is now examined as a specific example of the general four-wave mixing spectroscopy. In this spectroscopy, the frequency of the first two incident fields are resonant with a one-exciton state, e.g., ␣ϭ or , and that of the last incident field is resonant with the other, ␣Јϭ or ␣. Within the same approximation as was introduced in the one-color case, the third-order polarization P two (3) induced by the impulsive two-color pulses is also expressed by the sum of the two response functions:
The double-sided Feynman diagrams representing the response functions for the one-and two-color experiments, respectively, in Eqs. ͑26͒ and ͑27͒ are shown in Fig. 1 .
Because ␣ ␣Ј in the suggested two-color experiment, as we can see in the diagrams in Fig. 1 , the first and second coherence time evolutions would not be correlated and thus no rephasing would occur if the baths associated with the one-exciton states ␣ and ␣Ј are independent of each other. In the presence of non-negligible electronic coupling between sites A and B, however, the dynamics of each eigenstate is affected to a certain extent by the nuclear motions of both A and B sites. The shared information of nuclear motion at each site allows a correlation between the dynamics of the eigenstates ␣ and ␣Ј to be made and consequently allows for the rephasing capability.
In fact, the nuclear motion of chromophores A and B may be correlated in cases where both chromophores are located in close proximity to each other. In such a case, the echo signal would appear following the two-color incident fields even if the electronic coupling were absent. These effects are neglected in our current discussion.
B. Time-integrated echo signal
In a typical echo experiment, the echo signal is integrated with respect to the detection time t. The expressions for the time-integrated one-and two-color echo signals are given, respectively, by 31 ␣␣ ͑t,T,͒ϩR 21 ␣␣ ͑t,T,͉͒
The superscript ␣ on S one denotes that the frequencies of all three pulses are resonant with the one-exciton state ␣. The superscript ␣␣Ј on S two means that the frequencies of the first two pulses are resonant with the one-exciton state ␣ and that of the last pulse is resonant with the state ␣Ј.
The material oscillating terms of the inhomogeneous factor in the response functions are expressed in terms of the eigenstate exciton energy. However, it is not simple to suggest an appropriate static distribution of these eigenstate energies. Instead, we will assume the static site energies have independent Gaussian distributions. Transforming the eigenstate energies into the site energies and integrating with respect to the site energies, we obtain the inhomogeneous factor, from Eq. ͑24͒, represented by
where the renormalized inhomogeneities are defined by 
Here, P(t) and Q(t) are the real and imaginary parts of g(t).
One can see that the one-color signal given in Eq. ͑31͒ is equivalent to that of an isolated chromophore with the renormalized inhomogeneous width ⌬ ␣ and line-broadening function C g(t). 25 Similarly, the time-integrated two-color echo signal is obtained by 
To obtain an approximate expression of the two-color echo signal, noting that the echo signal vanishes on the electronic coherence shortly after the third pulse acts, we can use a short-detection-time approximation to the integrands of Eq. ͑33͒ with respect to t only. The justification of this procedure can be found in Ref. 25 . The resultant equation is a Gaussian function that can be easily integrated with respect to the detection time t to give S 0 ␣␣Ј (T,) as a simple form, in large T limit,
The auxiliary functions A ␣ Ј and B are defined by
where M (T)ϵ P (T) and f (T)ϵ͓Q (T)͔ 
IV. INFORMATION GAINED FROM A COMPARISON OF ECHO PEAK SHIFT MEASUREMENTS
The 3PEPS method has been used extensively to study solvation dynamics. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] In a peak shift experiment, for a fixed population time T, the detection-time-integrated echo signal is measured as a function of the first coherence time .
The peak shift *(T) is defined as that which gives the maximum value of the measured echo signal. A plot of * vs T constitutes a 3PEPS data set. To obtain expressions for the peak shifts of two-color experiments from our approximate echo signal ͓Eq. ͑32͔͒ we first note the inequalities f (T)ϵ 2 ͓1ϪM ( has a maximum value of 0.25 and C has a minimum value of 0.5 when the coupling constant is infinitely large, we can ignore the last term of Eq. ͑36͒. As a result, the dependence of the echo signal on the imaginary part of the line broadening function Q(t) vanishes. In this case, the echo signal expression ͓Eq. ͑32͔͒ simplifies to S two ␣␣Ј ͑T,͒ϳS 0 ␣␣Ј ͑T,;Qϭ0͒. ͑38͒
Furthermore, in the large T limit when the M (T) dependence can be neglected, Eq. ͑36͒ is approximated as
In parallel with the argument given earlier for the detection time period, the echo signal is quickly destroyed by fast dephasing processes during the first coherence time. Based on this fact, inserting Eq. ͑39͒ into Eq. ͑38͒ via Eq. ͑35͒, we expand Eq. ͑38͒ with respect to up to the second-order terms. The peak shift *(T) is found by setting the first derivative of the expanded signal to zero. Taking the further limitation that the inhomogeneous width is comparable to the dynamical width, the two-color peak shift can be written approximately as
If we neglect the square term in C in the denominator of Eq. ͑40͒, we can rewrite the peak shift expression as
Then in the weak coupling case ͑small C ͒, the two-color peak shift is linearly proportional to C . A further simplification can be attained by defining the T-dependent portion of the peak shift as **(T)ϵ*(T)Ϫ*(Tϭϱ). Then, by comparing the expressions for the peak shift of the two alternative two-color echo experiments, we obtain the following quantity:
Quantitative information on the coupling strength can be obtained by comparing the peak shift measured in the two-color and the normal one-color experiments. As we discussed above, the expression of one-color echo signal for a dimer system is the same as that for an isolated chromophore with a renormalized inhomogeneous width and line-broadening function. Noting this fact and referring to Ref. 25 , the one-color peak shift is approximately given by
If we assume that C ͗ 2 coth(␤/2)͘ ӷ⌬ ␣ 2 and f (T) is neglected, we get
Comparing this equation with the expression for the twocolor echo ͓Eq. ͑41͔͒ and using Eqs. ͑25͒ and ͑42͒, we find that the coupling strength can be obtained by the measurement of the following ratio of the T-dependent parts of the peak shifts:
͑45͒
If the inhomogeneities of both chromophores A and B are the same (⌬ in ϵ⌬ A ϭ⌬ B ), then ⌬ ␣ 2 ϭ⌬ ␣ Ј 2 ϭC ⌬ in 2 and our results simplify. In this case, the expressions for the peak shifts ͓Eqs. ͑41͒ and ͑44͔͒ reduce to two,␣␣ Ј *
By comparing these equations, we can obtain the electronic coupling strength C as a simple relation of the peak-shift measurements
To illustrate the validity of relation ͑48͒, we carried out model calculations of the one-and two-color echo peak shifts. The peak shifts are calculated ͑exactly within the model and in the impulsive limit͒ from Eqs. ͑31͒ and ͑32͒. In these equations, the dynamic part of the normal linebroadening function is given as a functional of the electronic energy gap fluctuation M (t) induced by the coupling with the bath, in the high temperature limit:
The reorganization energy gives the homogeneous width of the nuclear motion and is related to the Stokes shift. 40 In our calculation, the homogeneous and the inhomogeneous widths are set to ϭ⌬ A ϭ⌬ B ϭ200 cm Ϫ1 and we assume that M (t)ϭexp(Ϫt/ c ) where c ϭ100 fs. The temperature is 300 K and the ratio of the transition dipole moments of the A and B sites is equal to 1. In our system, when the inhomogeneities of both sites are the same, the echo signal is symmetric with respect to the excitation resonant with either state. Figure 2 shows the one-and the two-color echo peak shift for several values of the electronic coupling strength. For both types of measurements, the peak shifts increase with increasing electronic coupling strength. However, for all population times, the electronic coupling dependence is more apparent in the two-color measurement. In the twocolor experiment, as the electronic coupling strength increases, the information impressed by the first interaction can be better recovered during the second coherence period. Because the peak shift measures the rephasing capability during the second coherence period, a strong dependence of the two-color peak shift on the electronic coupling is natural. Figure 3 shows the initial peak shift as a function of the electronic coupling strength. As in Fig. 2 , the initial peak shifts of both measurements increase with the electronic coupling strength, especially in the two-color case. As the electronic mixing becomes perfect, the peak shifts in both cases should be the same as shown in Fig. 3 . Manipulating the data in Fig. 2 , we plot relation ͑48͒ in Fig. 4 . Except for short population times where our approximate expressions ͓Eqs. ͑46͒ and ͑47͔͒ are not expected to be valid, 25 the prediction of the electronic coupling strength from two types of photon echo experiments via relation ͑48͒ is quite good. Although this relation is derived for times longer than the bath correlation time, Eq. ͑48͒ works well for the whole range of population times when the amplitude of the nuclear fluctuations is small ͑open symbols͒.
If exciton transfer between the one-exciton states due to nuclear motion occurs, the long time peak shift behavior would not be as simple as presented here, although the initial peak shift should be similar to the present case. Even so, noting that the system we consider has a large energy gap between the one-exciton states, we expect the exciton transfer rate due to H 1 in Eq. ͑10͒ to be much slower than the dephasing rate. In these cases, only the population relaxation between the one-exciton states is missed by neglecting H 1 . However, noting that a peak shift experiment measures the rephasing capability of a dephased coherent state, the population gain or loss in the laser window would not make a significant change in peak shift. We will present a description of two-color echoes for exciton transfer systems elsewhere.
V. SUMMARY
A theoretical study of one-and two-color three-pulse photon echo spectroscopy on a dimer made by the electronic coupling of two two-state chromophores has been presented. The electronic states of the dimer were described in the eigenstate representation as a four-level system. The response functions for both the one-and two-color incident pulses were obtained in terms of the line-broadening function of an isolated chromophore based on the assumption that the baths associated with the chromophores are independent of each other. From a comparison of the results of one-and two-color photon echo spectroscopies, the electronic coupling strength between two chromophores in a condensed phase can be estimated. We hope that experimental verification of the prediction presented in this paper is achieved in the near future.
